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Magnetite (Fe3O4) is an eligible candidate for magnetic tunnel junctions (MTJs) since it shows a high spin
polarization at the Fermi level as well as a high Curie temperature of 585◦C. In this study, Fe3O4/MgO/Co-Fe-
B MTJs were manufactured. A sign change in the TMR is observed after annealing the MTJs at temperatures
between 200◦C and 280◦C. Our findings suggest an Mg interdiffusion from the MgO barrier into the Fe3O4
as the reason for the change of the TMR. Additionally, different treatments of the magnetite interface (argon
bombardment, annealing at 200◦C in oxygen atmosphere) during the preparation of the MTJs have been
studied regarding their effect on the performance of the MTJs. A maximum TMR of up to -12% could be
observed using both argon bombardment and annealing in oxygen atmosphere, despite exposing the magnetite
surface to atmospheric conditions before the deposition of the MgO barrier.
The field of spintronics tries to create electronic devices
which utilize the spin of the electron to store and process
information1. A central device for this application is the
magnetic tunnel junction, MTJ2. It consists of two ferro-
magnetic conductors separated by a very thin insulating
tunneling barrier. The resistance across this device de-
pends on the relative orientation of the magnetization of
the ferromagnetic electrodes, which leads to two differ-
ent states: The magnetization of both electrodes can be
parallel or antiparallel. This tunnel magnetoresistance
(TMR) was first observed by Julliere et al.3 in 1975. It is
defined by TMR =
Rap−Rp
Rp
where Rap and Rp are the re-
sistances for the antiparallel and parallel alignment of the
magnetization of the electrodes. One application of this
effect is using the corresponding high- and low-resistance
states to store and read binary information.
Magnetite (Fe3O4) shows a high spin polarization at
the Fermi level4 as well as a high Curie temperature of
585◦C5. It is thus an interesting material for MTJ elec-
trodes as well as other spintronic and spin caloritronic
applications. For example, magnetite has recently been
studied regarding the spin Hall magnetoresistance6,7 and
the spin Seebeck and anomalous Nernst effect8–11.
However, MTJs with magnetite have not yet shown
a large TMR. The largest reported TMR is -26% at
room temperature for Fe3O4/MgO/Al2O3/CoFe junc-
tions while it also ranges up to +18% in identical
junctions12. Table I shows an overview of reported TMR
ratios from other studies using at least one Fe3O4 elec-
trode with different barrier and counter electrode mate-
rials. Especially the possibility of different signs of the
TMR in junctions with the same stack suggest that the
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Barrier 2nd El. TMR Reference
MgO/Al2O3 CoFe -26% Kado12, APL 2008
to +18%
Al2O3 CoFe +14% Matsuda et al.13, JJAP 2002
Aoshima, Wang14, JAP 2003
Yoon et al.15, JMMM 2005
MgO Fe3O4 +0.5% Li et al.16, APL 1998
v. d. Zaag et al.17, JMMM 2000
Al2O3 Fe -12% Nagahama et al.18, APL 2014
Al2O3 Co +13% Seneor et al.19, APL 1999
Al2O3 Co +3% Bataille et al.20, JMMM 2007
AlOx Co +20% Opel et al.21, PSSA 2011
MgO Co -8% Greullet et al.22, APL 2008
to 0%
Al2O3 NiFe -0.3% Park et al.23, IEEE TM 2005
to +15%
Al2O3 Ni +4% Reisinger et al.24, Arxiv 2004
MgO Ni +0.5% Reisinger et al.24, Arxiv 2004
CoCrl2O4 LSMO -3% Hu, Suzuki25, PRL 2002
TABLE I. TMR ratios at room temperature of MTJs using
one Fe3O4 electrode and different barrier and counter elec-
trode materials.
TMR is very sensitive to changes at the interfaces to the
tunnel barrier26,27. A negative TMR indicates different
(i.e. one positive and one negative) signs of the spin po-
larization at the two electrode/barrier interfaces28.
Gao et al.29 suggest that if magnetite is grown on MgO,
Mg starts to diffuse into the magnetite at growth temper-
atures between 250◦C and 350◦C while Shaw et al.30,31
observe evidence of a starting interdiffusion of Mg from
an MgO substrate into very thin (∼10 nm) magnetite lay-
ers at temperatures above 327◦C. MgO is both used as
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2Number Ar bombardment annealed in Fe3O4 thickness
1 no UHV 212nm
2 no UHV 40nm
3 yes O2 77nm
4 no O2 108nm
5 yes O2 22nm
TABLE II. This table shows the treatments applied in the
preparation of each MTJ. Ar bombardment refers to bom-
barding the magnetite surface of the samples with Ar ions.
Annealed in UHV/O2 refers the the first annealing step prior
the the deposition of the MgO barrier and the subsequent
layers. UHV means the sample was annealed for 2 hours in
UHV at 200◦C. O2 means the sample was annealed at 200◦C
for 2 hours in an oxygen atmosphere with a partial pressure
of 10−4 mbar. Further annealing steps were done in UHV.
a substrate for magnetite, because of a small lattice mis-
match of 0.3%32–34 as well as a prominent barrier ma-
terial for MTJs35, which in case of interdiffusion at the
interface could lead to a diminished or altered TMR.
In this study, Fe3O4/MgO/Co-Fe-B MTJs were prepared
on MgO and the effect of this interdiffusion was studied
for different annealing temperatures. Additionally, dif-
ferent treatments of the magnetite interface (argon bom-
bardment, annealing at 200◦C in oxygen atmosphere)
during the preparation of the MTJs have been studied
regarding their effect on the performance of the MTJs.
Magnetite was grown on MgO(001) using reactive molec-
ular beam epitaxy36 (MBE). The subsequent layers were
deposited using magnetron sputtering. The magnetite
layers were exposed to atmospheric conditions during the
transport from the MBE to the sputtering chamber. The
corresponding thickness of the magnetite layer was mea-
sured using x-ray reflectivity employing a Philips X’Pert
Pro diffractometer with a Cu Kα source. The thick-
ness for samples with the same treatment was varied to
check for possible thickness dependencies, while for sam-
ples with different treatments the thickness was kept as
similar as possible without being able to check the layer
thickness in-situ during growth. Prior to the deposition
of the MgO barrier and the other layers, the samples 1
and 2 were annealed at 200◦C in UHV for 2 hours, while
the samples 3, 4 and 5 were annealed at 200◦C in an
oxygen atmosphere with a partial pressure of 10−4 mbar.
Additionally, the magnetite surface of the samples 3 and
5 were treated by argon bombardment before the anneal-
ing, to reduce surface contamination. The argon treat-
ment was done with approximately 4µA/cm
2
at an en-
ergy of 600 eV/ion for 60 seconds. See table II for an
overview of the samples.
Figure 1 shows the results of x-ray photoelectron spec-
troscopy (XPS) and low energy electron diffraction
(LEED) measurements which were performed directly af-
ter the magnetite deposition in order to probe the quality
of the magnetite surface near region. The binding ener-
gies of Fe2p1/2 and Fe2p3/2 deduced from XP spectra
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FIG. 1. (a) XP spectrum of a magnetite thin film. The bind-
ing energies of the Fe2p1/2 and Fe2p3/2 core levels correspond
to values of Fe3O4 (known from literature). No charge trans-
fer satelites are visible indicating the presence of mixed oxida-
tion state of iron such as Fe3O4
37,38. (b) LEED measurement
of a magnetite thin film. The green square represents the re-
ciprocal surface unit cell for magnetite while the small white
square indicates the (
√
2 ×√2)R45◦ superstructure which is
reported for well-ordered magnetite39–41.
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FIG. 2. (a) Schematic of the stacks (not to scale). The mag-
netite (Fe3O4) thickness was varied in each sample, see table
II. While the magnetite layer was deposited using MBE, all
subsequent layers were grown by magnetron sputtering after
a vacuum break. (b) Maximal TMR measured on sample 5
after annealing at 230◦C with a bias voltage of -200mV (av-
erage of 10 measurements).
(cf. Fig. 1(a)) show the values typical for Fe3O4. Fur-
thermore, no apparent charge transfer satellites can be
observed in the spectra as it is well-known for Fe3O4, in
contrast to wu¨stite (FeO) and maghemite (Fe2O3)
37,38.
The LEED image (cf. Fig. 1(b)) shows a typi-
cal diffraction pattern for a magnetite surface. The
green square indicates the reciprocal surface unit cell
of magnetite while the white square represents the
(
√
2×√2)R45◦ superstructure which is reported for well-
ordered magnetite39–41.
Figure 2(a) shows a schematic of the MTJ stack used
in this work. The area of the MTJs is elliptic with the
major axis 1µm along the [110] axis of the magnetite,
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FIG. 3. TMR observed for the samples 2 and 3 (a) directly as
deposited and patterned and after each annealing step from
200◦C to 280◦C in steps of 20◦C at a bias voltage of 50mV for
sample 2 and -200mV for 3 ((b)-(f) respectively). (g) shows
the bias dependence of the TMR of sample 3 directly prior to
and after the sign change. At lower annealing temperatures,
the bias dependency looks very similar to the one shown for
240◦C.
which is one of the magnetic easy axes42. The minor
axis is 400 nm long, while the top Au/Ta contact layer is
50×50µm in size. Lithography was done using electron
beam lithography and ion beam etching.
The magnetoresistance measurements were performed on
the samples as deposited and after successively increased
annealing temperatures starting at 200◦C and increas-
ing in steps of 20◦C up to 280◦C. Each time, at least
16 MTJs were measured. The bias voltage was set at
50 mV for all samples not treated with argon bombard-
ment. For all samples treated by argon bombardment,
a bias voltage of -200 mV showed the largest TMR ef-
fect while no sign change was found by varying the bias
voltage. Hence, a bias voltage of -200 mV was used for
all these samples. For the other samples, there was only
a very minor change in absolute TMR observed and the
bias voltage was set at 50 mV. The largest TMR ampli-
tude could be achieved in sample 5 with approximately
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FIG. 4. I-V measurements for the samples (a) 2 and (b) 3,
without applying an external magnetic field. Insets: The
corresponding resistance-area products for parallel alignment
at the bias voltages used for the measurements in figure 3.
The resistance for sample 2 increases over the whole range
of annealing temperatures, while for sample 3 the resistance
drops after annealing at the same temperature at which the
sign change in the TMR occurs.
-12% TMR after annealing at 230◦C (cf. Fig. 2(b)).
Figure 3 (a)-(f) shows a comparison of the samples 2 and
3 after each annealing step. In general, bombardment
with argon ions greatly increases the TMR from values
of about -1% up to -12%. Likely reasons for this are
either a cleaner or a smoother magnetite surface (or a
combination of both), leading to a better interface at the
MgO barrier. A different interface between the magnetite
electrode and the MgO barrier would also explain the dif-
fering behaviour to annealing between samples treated by
argon bombardment and samples not treated. As shown
in figure 3 (a)-(f), both samples, with and without ar-
gon bombardment, start with a negative TMR, switch-
4ing to positive values at 240◦C and 260◦C respectively.
However, after annealing at 280◦C all MTJs of the sam-
ple treated by argon bombardment stop exhibiting any
TMR. The bias dependency of the TMR of sample 3 is
shown in figure 3 (g) before and after the sign change.
Figure 4 shows the corresponding I–V measurements, (a)
and (b), for the same MTJs as in figure 3. The insets
show the resulting resistance-area products (RA) for par-
allel magnetization of the electrodes at the bias voltages
used for the TMR measurements in figure 3. It can be
observed that the resistance of the sample treated by ar-
gon bombardment drops nearly by an order of magnitude
after annealing at 260◦C. At this temperature the sign of
the TMR changes, too. For the sample not treated by
argon bombardment, the resistance gradually increases
with each annealing step, increasing rapidly after an-
nealing at 240◦C while no special feature can be seen
after the TMR changes its sign. Additionally, the RA of
sample 3 is up to 60 times as high as that of sample 2.
This is attributed to the Fe3O4/MgO interface, since the
growth conditions for both the magnetite and the MgO
were identical for both samples. However, the difference
in the treatment of the Fe3O4 interface could lead to dif-
fering growth conditions of the MgO barrier.
Figure 5 shows the characteristics of the MTJs after each
annealing step. One can see that all samples start with
a negative TMR regardless of the used treatments (an-
nealing in O2/UHV and argon bombardment) and then
switch to a positive TMR after annealing at tempera-
tures between 200◦C and 260◦C.
This change is independent from the magnetite layer
thickness, which suggests that Mg diffusion at the tun-
nel barrier might be responsible for the sign change in-
stead of Mg diffusion from the substrate. XPS studies
on a magnetite film for annealing temperatures of up to
320◦C under similar conditions than for the MTJs pre-
pared (not shown here) showed no significant Mg2p sig-
nal which suggests that Mg diffusion from the substrate
is not responsible for the sign change in the TMR but
rather diffusion directly at the MgO barrier, which would
explain the independence from the magnetite thickness.
Annealing the magnetite samples in an oxygen atmo-
sphere did not change the MTJs’ behaviour significantly
compared to annealing them in UHV. However, the sign
change of sample 4 is observed at a higher annealing tem-
perature than for samples 1 and 2. Again, the sample
bombarded with argon ions shows a larger TMR com-
pared to all other samples. All tested MTJs in the sample
3 stop working after annealing at 280◦C, while samples
not treated with argon bombardment still show a TMR.
These findings again suggest that argon bombardment
changes the interface at the tunnel barrier and that the
sign change of the TMR occurs due to a modification of
the interface at the tunnel barrier.
In conclusion, Fe3O4/MgO/Co-Fe-B MTJs were shown
to exhibit a TMR effect of up to -12%, even though
the magnetite layer was exposed to atmospheric condi-
tions before the deposition of the MgO barrier. This was
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−6
−4
−2
0
2
4
av
er
ag
e 
TM
R
 (%
)
sample 1
sample 2
sample 3
sample 4
annealing temperature (°C)
FIG. 5. Average TMR observed in MTJs depending on the
annealing temperature. All samples start with a negative
TMR and switch to a positive TMR after annealing at tem-
peratures between 200◦C and 260◦C, independent of the mag-
netite treatment.
achieved by bombarding the magnetite surface with ar-
gon ions, likely leading to a cleaner interface. Annealing
the magnetite samples in an oxygen atmosphere instead
of UHV did not significantly improve the performance
of the MTJs. It was also observed that after annealing
the samples at temperatures between 200◦C and 260◦C,
the sign of the TMR changed from negative to positive.
A likely reason for this is the diffusion of Mg from the
barrier into the magnetite, which changes its spin po-
larisation or modifies the barrier in a way that leads to
different tunneling properties.
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